Abstract An application of the grain size trend analysis (GSTA) is used in an exploratory approach to characterize sediment transport on Camposoto beach (Cádiz, SW Spain). In May 2009 the mesotidal beach showed a well-developed swash bar on the upper foreshore, which was associated with fair-weather conditions prevailing just before and during the field survey. The results were tested by means of an autocorrelation statistical test (index I of Moran). Two sedimentological trends were recognized, i.e. development towards finer, better sorted and more negatively skewed sediment (FB-), and towards finer, better sorted and less negatively or more positively skewed sediment (FB+). Both vector fields were compared with results obtained from more classical approaches (sand tracers, microtopography and current measurements). This revealed that both trends can be considered as realistic, the FB+ trend being identified for the first time in a beach environment. The data demonstrate that, on the well-developed swash bar, sediment transported onshore becomes both finer and better sorted towards the coast. On the lower foreshore, which exhibits a steeper slope produced by breaking waves, the higherenergy processes winnow out finer particles and thereby produce negatively skewed grain-size distributions. The upper foreshore, which has a flatter and smoother slope, is controlled by lower-energy swash-backwash and overwash processes. As a result, the skewness of the grain-size distributions evolves towards less negative or more positive values. The skewness parameter appears to be distributed as a function of the beach slope and, thus, reflects variations in hydrodynamic energy. This has novel implications for coastal management.
Introduction
Coastal development works have greatly expanded over the past decades and some 50 % of the world's coastline is currently under threat because of excessive anthropogenic pressure (e.g. Finkl and Kruempfel 2005) . Moreover, touristic activities, especially the market linked to 'sun, sea and sand' (3S), have been strongly affected by natural coastal processes such as erosion and flooding related to climate change and involving, for example, sea-level rise (SLR) as well as increases in storm frequency and intensity (e.g. Karl and Knight 1998; Poore et al. 2009; Garrison et al. 2012 for the USA; Castelle et al. 2008 for Queensland, Australia). In Europe, the fastest growth in coastal urbanization between 1990 and 2000 took place on the Mediterranean and Atlantic seaboards of Portugal (34 %) and Spain (18 %), followed by France, Italy and Greece (EEA 2006) . Along the Iberian Peninsula coastline, where the present study was performed, this is posing an ever-increasing challenge to coastal management, as well as research in present-day and projected beach morphodynamics (e.g. Flor-Blanco et al. 2013; Sancho-García et al. 2013 ).
This trend is observed also in the province of Cádiz in SW Spain, a coastal sector which would be at risk during future SLR (e.g. Fraile-Jurado and Ojeda-Zújar 2013) and where the 3S market represents a major economic asset linked to the extensive use of beaches by tourists, especially during the summer months. At present, beaches and associated economic activities are threatened by erosion and resulting beach retreat locally exceeding 1 m year -1 (Anfuso et al. 2007 ). To counteract coastal retreat, and especially to make beaches more attractive by enlarging the dry beach width, the beaches of Cádiz were nourished during the 1990s by about 13 million m 3 of sediment, at a total cost of US$ 37 million (Muñoz et al. 2001) .
Numerous methods can serve to evaluate the effectiveness of such measures by studying the spatial and temporal evolution of these sedimentary beach environments. Among these, the Sediment Trend Analysis (STA®) method (McLaren 1981; McLaren and Bowles 1985) uses statistical parameters (mean grain size, sorting and skewness) derived from granulometric data to generate transport vectors. As pioneers, McLaren (1981) and McLaren and Bowles (1985) applied this approach to validate their hypotheses of sediment transport directions. In fact, beaches were among the first environments to be studied by this method. Thus, based on a relatively small number of samples, Masselink (1992) applied the STA® method to a beach in southern France, but without success (Masselink 1993; McLaren 1993) . Although succeeding in defining a trend vector field in another beach environment based on a larger dataset, Guillén and Palanques (1996) nevertheless concluded that the sedimentary dynamics of a large beach could not be reliably determined with the STA®, and recommended studying smaller homogeneous areas. Pedreros et al. (1996) took this recommendation into account and applied a grain size trend analysis (GSTA)-a twodimensional variety of the STA® method proposed by Gao and Collins (1992) -to an area of reduced size. They demonstrated that the GSTA approach was an excellent tool to identify sediment transport direction. On the other hand, Masselink et al. (2008) , still using the STA® method, assessed an intertidal beach in a similar environmental context and concluded that the sediment trend model failed to reproduce small-scale transport patterns. These partly contradictory results suggest that, in beach environments, the GSTA is more suitable than the STA® to determine sediment transport directions and that it has potential for further refinement.
The main aim of the present study was to evaluate the usefulness of an improved GSTA method proposed by Poizot et al. (2006) and Méar (2008, 2010) , which was tested in a field assessment carried out during a tidal cycle at Camposoto beach in SW Spain. The resulting sediment transport vector fields were then compared with data obtained from independent, reliable but more timeconsuming methods-fluorescent tracers, microtopography and current measurements-by Bellido et al. (2011) .
Regional setting
The investigated coastal sector forms part of Camposoto beach, which faces the Atlantic Ocean in the province of Cádiz (SW Spain, Fig. 1 ). It comprises a broadly N-Soriented coastal spit consisting of quartz-rich beach sand, salt marshes and dune ridges locally breached by washover fans. During the field assessment in early summer of 2009, the beach showed a well-developed swash bar (terminology according to Carter 1988) which was migrating landwards and welding to the upper foreshore.
The tidal regime is mesotidal with ranges of 3.2 and 1.1 m at spring and neap tides respectively, and exhibits a semidiurnal periodicity. The most severe storms are linked to westerly winds which are generally related to Atlantic low-pressure systems, the associated winds having a mean annual speed of 16 km h -1 with a frequency of 13 %. Easterly and southeasterly winds, originating in the Mediterranean Basin, have an annual frequency of 20 % and mean speed of 28 km h -1 , which is greatly increased locally due to funnelling through the Strait of Gibraltar. Wave heights display substantial seasonal variation, whereas wave periods are almost constant throughout the year. Significant wave heights are usually lower than 1 m and, during storms, exceed 2.5 m (RangelBuitrago and Anfuso 2011). Due to coastline orientation and the predominant wave fetch direction, the main longshore drift is towards the southeast.
Fair weather prevailed on days before and during the field survey at Camposoto beach, the data being recorded during spring tide on 8 May 2009 from the morning low tide (9:24 h) to the evening low tide (21:43 h; Bellido et al. 2011) . Swell waves were recorded with mean (H bm ) and significant (H bs ) breaking wave heights of 0.16 and 0.20 m associated with periods of 7 and 9 s respectively. The waves approached from the southwest and gave rise to shoreparallel currents flowing north-westwards. The wind conditions during the field survey were not recorded.
In that earlier study, accretion processes related to swell waves produced a beach profile pivoting around mean water level, with erosion on the lower foreshore and accumulation on the upper foreshore. Specifically, higher accretion values (about 12 cm) were recorded on the seaward side of the bar and lower values on the bar top and landward side (about 2 cm). By the end of the field survey of ca. 12 h, the bar had migrated about 50 cm landwards.
Materials and methods

Disturbance depth and sediment transport
For the benefit of the reader, the fluorescent tracer, microtopography and current measurement methods used by Bellido et al. (2011) are summarized briefly here. Beach topography was surveyed by means of an RTK-GPS. Microtopographic changes and disturbance depths were determined during each morning low tide by measuring the vertical accretion or erosion relative to the position of loosely fitting washers placed over 25 steel rods inserted into the beach ( Fig. 1 ; also see Anfuso 2005) . Waves and currents were monitored by a pressure transducer and an electromagnetic current meter respectively. Following Komar and Inman (1970) , fluorescent tracers served to investigate longshore and cross-shore transport and disturbance depth.
To study tracer dispersion and grain-size characteristics, 65 cores were taken during the night low tide using PVC pipes of 20 cm length and 5 cm diameter. In the laboratory, the cores were split and then cut into 2-cm slices which were dried in the open air and weighed on a balance with a precision of 0.01 g. In each of the seven slices selected for the study, marked fluorescent grains were manually counted under an ultraviolet lamp and the results evaluated by means of the spatial integration method (Komar and Inman 1970) . The location of the centroid-i.e. the average position of the mass dispersion of the tracer-was calculated for each 2-cm depth interval, as well as for the seven intervals combined. The thickness of the active sand layer-i.e. the area of the beach cross-section affected by hydrodynamic processes during the field assessment-was calculated according to disturbance values recorded with the rod and washer method. Sand transport was determined considering the position of the centroid and the area of the active sand layer (Komar and Inman 1970; Bellido et al. 2011) . Furthermore, the present study makes use of a novel dataset comprising the grain-size distributions of 65 surficial (uppermost 2 cm) beach samples analysed by means of a 2-m-high settling tube filled with distilled water. Three runs per sample were carried out and the standard grain-size distribution statistics (mean, sorting and skewness) were obtained using the moment method.
Grain-size trend analysis McLaren (1981) and McLaren and Bowles (1985) used the mean, sorting and skewness in applying the STA® in a onedimensional approach. In terms of these statistical parameters, sediment grain size can become either finer (F) or coarser (C), the sorting can become either better (B) or poorer (P), and the distribution can become either more negatively (−) or more positively (+) skewed. In the twodimensional GSTA of Gao and Collins (1992) , the sitespecific mean, sorting and skewness are compared with corresponding values at neighbouring locations in all directions. Using geostatistical tools, Poizot et al. (2006) slightly modified the initial Gao and Collins (1992) method, and Poizot and Méar (2010) developed a computer program which opens up new perspectives for GSTA investigations.
Following the workflow of Méar (2008, 2010) , sand transport vector fields on Camposoto beach were computed using the freely available GiSedTrend software (http:// www.geoceano.fr/accueil/la_recherche/item_1_/gisedtrend), a plug-in of QGIS (Quantum GIS Development Team 2012) , and a geographical information system (GIS) software. To 
Regular grid generation
The number of sediment samples to be analysed is subject to economic and practical considerations. Because the number of collected samples and the distance between sampling points vary, the relative influence (weight) of each sample also varies over the study area. Asselman (1999) based her work on regular raster grids obtained after the interpolation of statistical parameters. This approach offers the advantage of keeping the same weight for each of the neighbours and skipping the filtering step recommended by Gao (1996) . In the present study, regular grids were produced for each statistical parameter, with a slightly higher density of points than in the original grid. Wilcoxon tests were conducted to check whether the interpolated grid differed from the original dataset in terms of information content (cf. Poizot et al. 2006; Poizot and Méar 2008) .
Characteristic distance
The "characteristic distance" is defined by the number of neighbouring sample points taken into account when determining a trend vector at a particular sample location. Gao and Collins (1992) called this distance "the mean spatial scale of sampling". Le Roux (1994) used the four closest neighbours at a given location, and developed a complex procedure based on weighted vectors to define vector trends. Poizot et al. (2006) chose semi-variogram geostatistics to assess the dilution of spatial autocorrelation of the studied variable (mean, sorting, skewness) as a function of the spacing between sample points. Since it can be used to determine the distance at which no autocorrelation exists, this approach is considered to represent the best way of defining the characteristic distance.
Choice of trend cases
Using the three statistical parameters, eight different trend cases can be formulated. In their pioneering work, McLaren (1981) and later Gao and Collins (1992) argued that two trend cases, i.e. FB-and CB+, have the highest probability of occurring in the natural environment. Gao (1996) combined FB-and CB+ to define trend vector fields. However, other studies have shown that, under particular conditions, different trend cases can be found (e.g. Gao et al. 1994; Asselman 1999; Carriquiry and Sánchez 1999; Carriquiry et al. 2001; Ríos et al. 2002) . All possible trend cases were thus investigated in a methodical approach.
Spatial autocorrelation can provide information on the spatial structure of the variables based on geostatistical methods such as the commonly used Moran's index (Legendre and Legendre 1998) . This index describes and quantifies the similarity between locations as a function of distance, enabling exploration of the distance (lag) at which the values of a given variable are spatially autocorrelated by taking the spatial location of the data points into account. In the present study, Moran's test was used to assess the spatial autocorrelation of the direction of the different vector fields. The vector field of a particular trend case exhibiting spatial autocorrelation was then considered as reflecting a real sediment transport process.
Results
Average disturbance depths of 3.3 and 4.3 cm were recorded using cores and rods with loose-fitting washers respectively. Evaluating the measurements from the disturbance rods, it was found that the thickness of mobilized sediments increased from the lower to the upper foreshore, i.e. the stoss side of the bar, and decreased on the bar top and the lee side. These data indicate sediment transport to the north, this being particularly evident within the first and second depth layers (i.e. 0-2 and 2-4 cm). The average position of the centroids was calculated to be about 40 m, with values ranging from 35 to 52 m.
To produce a finer grid than the original one, the distributions of the three textural parameters (mean size, sorting, and skewness) were interpolated using a geostatistical approach. The zero difference between the initial and the interpolated dataset was assessed using the non-parametric Wilcoxon test (Table 1) . Within this refined grid the characteristic distance is defined as the distance at which the neighbouring samples are selected to determine the trend vector direction at each sample location. It is obtained from the semi-variogram of the three statistical parameters. The chosen minimum distance is equal to 35 m (Fig. 2) .
The spatial distribution of mean grain size shows that, from the lower to the upper foreshore, the sediments on Camposoto beach evolve from coarse sand (≈0.05 phi) to 30 phi) , the grain-size gradient increasing in the southern part of the study area (Fig. 3) . Based on Friedman (1967) , the sediments are moderately sorted (≈1.10 phi) on the lower foreshore and become very well sorted (≈0.23 phi) on the upper foreshore (Fig. 4) . The sorting parameter evolves more regularly than the mean grain size, the gradient remaining almost constant throughout the study area.
The spatial distribution of skewness shows a more complicated pattern (Fig. 5) . Two-thirds of the study area in the southern sector exhibits negative skewness. Schematically, this sector is delimited by a zone where the size distributions are very negatively skewed (ca. -0.35). This zone runs parallel to the coast in the south, and then bends gently to the north while approaching the coast. On each side of this zone, the size distributions become more negatively (or coarser) skewed. In the northern third of the study area, by contrast, the size distributions are more strongly positively (or finer) skewed (≈0.35).
During the field survey, constructive swell approached from the SW and wave fronts formed a small angle with the coastline. The action of plunging and surging breakers on the beach face gave rise to shore-parallel currents (flowing north-westwards) with a mean velocity of 5.6 cm s -1 . The tracer dispersion pattern clearly reflected this current, the centroid of fluorescent tracers being located northeast of the injection point owing to the combined effect of currents and flood tides (Bellido et al. 2011) . The results of the Moran's (Table 2) show that only the FB+ and FB-trend cases can be considered as reflecting real sediment transport processes, as they exhibit the best spatial autocorrelation of the vector fields. Following the GSTA method of Poizot and Méar (2008) , the variation of the vector length is a function of the confidence level associated with the transport in the corresponding vector direction, i.e. the longer the vector, the higher the confidence. Figure 6 shows the trend of the vector field computed for the FB-case. Overall, the vector directions are oriented onshore (W-SW to E-NE), which is in accordance with the dispersion of tracers and the combined effect of currents and flood tides described above. Therefore, the northern part of the study area is characterized by vectors which gradually turn towards the SE when approaching the high-tide level. In the southern part of the study area, the lower beach is characterized by vectors of high modulus (constancy). Closer to the high-tide level, the vector modulus decreases strongly. The FB-trend vectors with the highest modulus are positively correlated with the beach slope gradient, i.e. the steeper the slope, the higher the modulus value.
The FB+ trend vector field is shown in Fig. 7 . Vector directions are generally oriented onshore, almost identical to 
Discussion and conclusions
The FB-and FB+ cases differ only by the sign of their skewness. It has long been recognized that negative skewness is related to the intensity and duration of high-energy hydrodynamic conditions, which lead to the removal of fines (swash and backwash)-e.g. Sahu (1964) , Martins (1965 ), Friedman (1967 , Awasthi (1970) and Cronan (1972) . Negative skewness can also be caused by the addition of coarser material such as shell fragments (e.g. Martins 1965) . In this latter case, the sediment represents a mixture of two or more grain-size populations. Duane (1964) suggested that negative skewness is produced by the winnowing action of the fluid, whereas sands deposited in sheltered environments are dominantly more positively skewed. The results of this study are in good agreement with the patterns of erosion/accretion recorded by Bellido et al. (2011) on the same beach. As observed by those authors, erosion takes place on the lower foreshore and accumulation on the upper foreshore. The former is composed of very coarse (≈−0.14 phi) to medium sand (≈0.42 phi). Thus, the FB-trend case, located mostly on the lower foreshore, Fig. 7 Trend vector field of the FB+ case: sediments become finer, better sorted and less negatively or more positively skewed. The vector length corresponds to the confidence level attributed to the direction of transport (the longer the vector, the higher the confidence level) Fig. 8 Conceptual model of a shore-normal cross-section of the beach in the study area: the FB-trend characterizes the lower foreshore, the FB+ trend the upper foreshore results from the removal of the finest particles of the sediment due to high turbulence, whereas the FB+ trend case, located mostly on the upper foreshore, is a consequence of the deposition of previously eroded fines under less turbulent hydrodynamic conditions (Fig. 8) .
In conclusion, the grain-size trend analysis applied to a granulometric dataset obtained on Camposoto beach (Spain) confirmed that, at the time of the study, the beach was undergoing accretion, a trend also observed by means of other independent reliable methods. An autocorrelation test based on the Moran's I index was used to assess the validity of vector direction. It was applied within the frame of a STA®/GSTA approach for the first time and revealed two trend cases: (1) FB-, in which sediments become finer, better sorted and more negatively skewed, and (2) FB+, in which sediments become finer, better sorted and less negatively or more positively skewed.
Under the environmental conditions which prevailed during the fieldwork carried out by Bellido et al. (2011) , the GSTA approach successfully explained the sediment transport direction over most of the area. In the present study, it was demonstrated for the first time that the FB+ trend case can be used to reconstruct the direction of sand transport on a beach. This trend case was not selected in earlier studies applying STA® and GSTA to investigate sediment transport. It is therefore proposed that an exploratory approach should be conducted within the framework of GSTA to investigate all possible trend cases before adopting the most representative transport vector(s). This can be achieved by assessing the autocorrelation of vector field directions using a statistical test such as the index I of Moran.
It is emphasized that the GSTA procedure used in this study resulted in the reliable identification of sediment transport directions on Camposoto Beach. The method is less complicated and, hence, less time consuming than other methods, e.g. tracer studies. For this reason alone it is a viable and costeffective alternative for beach erosion management in general, and for the planning and design of beach nourishment works and the installation of hard protection structures in particular.
